ABSTRACT: A bystander claimed to have been shot by a police officer, and CT scans were used to match qualitative and quantitative aspects of the unremoved bullet with police issued 9 mm Luger ammunition. CT scan methodology proved a valid approach for the measurement of bullets based on calculated measurement capability and correlation with "gold standard" physical measurement by vernier caliper. Measurements regarding length and base diameter, as well as length/diameter ratio, were insufficient to unambiguously identify a specific caliber, or a bullet of specific mass within a caliber class. It was, however, possible to exclude a bullet of specific design and mass with well-characterized precision and accuracy values under selected CT scan conditions. A 9 mm Luger bullet (115 gr FMJ RN) was excluded from involvement in a shooting based on qualitative bullet shape combined with length, base, and ratio measurements of the bullet in-situ for the victim.
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Utilization of X-ray Computed Tomography for the Exclusion of a Specific Caliber and Bullet Type in a Living Shooting Victim* ABSTRACT: A bystander claimed to have been shot by a police officer, and CT scans were used to match qualitative and quantitative aspects of the unremoved bullet with police issued 9 mm Luger ammunition. CT scan methodology proved a valid approach for the measurement of bullets based on calculated measurement capability and correlation with "gold standard" physical measurement by vernier caliper. Measurements regarding length and base diameter, as well as length/diameter ratio, were insufficient to unambiguously identify a specific caliber, or a bullet of specific mass within a caliber class. It was, however, possible to exclude a bullet of specific design and mass with well-characterized precision and accuracy values under selected CT scan conditions. A 9 mm Luger bullet (115 gr FMJ RN) was excluded from involvement in a shooting based on qualitative bullet shape combined with length, base, and ratio measurements of the bullet in-situ for the victim.
KEYWORDS: forensic science, ballistics, bullet ratio, caliber determination, computed tomography, x-ray radiography, measurement uncertainty Classic x-ray radiography and modern-day computed tomography (CT) images are widely utilized to visualize foreign bodies such as bullets and other projectiles in both living and deceased individuals (1, 2) . The qualitative aspects of bullets regarding their shape and construction, as well as quantitative aspects derived from measurements of physical dimensions, may be obtained from radiographic images and thereby allow classification of bullets into certain categories regarding caliber (2) (3) (4) . There are, however, certain limitations on the capability to accurately determine a specific caliber from radiography, and views from right angles along with critical magnification factors must be taken into account (5) . CT scans largely bypass these limitations, as a three-dimensional view of the projectile is derived from reconstruction algorithms of a series of two-dimensional xray images taken at different angles through an object or body (6) . Direct measurements of the projectile can be performed from CT scan images utilizing instrument software. Certain critical factors affecting the scan quality such as beam hardening effects, streak artifacts, and scattering must be minimized or eliminated to ensure a useable image and subsequent true measurements (7) . With images that are fit for measurement purposes, the only further identification constraint remains in the uniqueness of physical characteristics a bullet itself possesses that may distinguish it into a class, or provide possible further discrimination of its type within a class. Excessive deformation of the bullet may prohibit discrimination in caliber class and type. Previous work established some length, diameter, and length/diameter ratio values that may allow discrimination of bullet caliber by radiography (4). However, these values were only reported as point estimates and did not account for any uncertainty of measurement that can establish reference ranges at specific confidence levels, which are crucial for the purpose of any identification utilizing quantitative characteristics.
The caliber of a bullet is equal to the internal diameter of the firearm barrel designed to fire that specific size projectile. Some of the most common handgun calibers include .22, .25, .32, .357, .38, and .45 (measured in hundredths of an inch). Due to historic naming conventions and other reasons, the description of caliber is often misleading as it does not accurately relate to the actual physical measurements of a bullet (4). The .38 Special caliber firearm fires a bullet of 0.357 in. (approximately 9.1 mm) in diameter and the nomenclature .38 refers to the approximate diameter of a filled brass casing designed for a revolver in this caliber. The 9 mm Luger bullet, commonly referred to as 9 mm or 9 mm Parabellum (9 mm P), measures 0.355 in. (approximately 9.02 mm) in diameter and is the most widely used handgun caliber worldwide for personal defense, law enforcement and the military (8) . Within a specific caliber, there are additional variations on bullet dimensions and appearance due to the design and construction of the projectile. Furthermore, there exists a range of bullet masses, expressed in grains (gr), in a single design and type for a specific caliber. As an example, a 9 mm full metal jacket (FMJ) bullet with round nose (RN) or flat nose (FN) may be found in 115, 124, and 147 gr. The diameter of a bullet may fluctuate within very narrow specification margins for a specific caliber firearm. Thus, any difference in mass (grains) for a specified bullet design and caliber can only be reflected by concomitant increase in bullet length, excluding major differences in construction material type. All these variations may provide specific diameter/length/mass ratios or other measurement data that can separate the bullets into class and type. However, this is highly dependent on the manufacturing error thresholds and measurement process capability as there may be overlaps that curtail discrimination between closely related classes such as a 9 mm and .38/.357, or within-class, for example, 124 and 130 gr 9 mm.
Most law enforcement agencies issue ammunition to their officers that have specified design construction criteria. In South Africa, the 9 mm ammunition issued to law enforcement officers in the national police service has a 115 gr FMJ RN bullet. This case report provides details surrounding the use of x-ray CT in determining the qualitative and quantitative characteristics of a bullet in a living victim and the exclusion of the possibility of a specific law enforcement issued bullet being involved in the shooting incident.
Case Report
In March 2014, a case was received regarding a personal injury civil claim against the government. A 28-year-old man claimed to have been shot during a violent protest by a law enforcement officer using his official 9 mm handgun. The victim survived the shooting, but the bullet could not be removed due to the precarious position where it had lodged-just behind the right eye and extremely close to the brain (Fig. 1) . A CT scan was performed using a Siemens Somaton Emotion 16 (9) , and the image was initially examined by a medical doctor appointed by the claimant. The doctor reported that the CT data were visualized and processed using Terracon Software (10), and he determined that the bullet had a diameter of between 9.03 and 9.19 mm at the base of the bullet, and the total length as between 16.9 and 17.0 mm. He further concluded that these measurements were concordant to the general dimensions of a 9 mm Luger bullet that may have been fired from a police issue firearm. The state was not in agreement with the conclusion and wanted further proof of the capability of the CT methodology to accurately provide measurements of bullets. If the measurements from the method proved valid, the CT scan of the claimant had to be independently assessed and the subsequent measurement results compared to those previously submitted on behalf of the claimant. Furthermore, given that a specific type of 9 mm bullet is solely utilized by the police, it must be established whether the measurements and any additional qualitative data derived from the CT images support the conclusion that it was an officially issued 9 mm bullet fired from a police firearm that injured the victim.
Materials and Methods
A Siemens Somaton Emotion 16 instrument that recorded images at 110 kV, similar to the type and settings for the instrument that generated the CT image of the claimant, was utilized throughout the study. A Siemens application specialist performed all the scans and measurements from images, and as a blind study had no other data or contextual information regarding the dimensions of the bullets used to generate measurement values. The standard software package that accompanied the instrument was used for all CT image measurements. To assess the validity for CT scan measurements of bullets, it is necessary to determine the precision and accuracy of the method as compared to a "gold standard" method. In this study, the comparison method was the physical measurement of the bullet base diameter and bullet length (base to tip) using a calibrated vernier caliper (VC). A series of CT scans of different caliber bullets was initially performed to establish the qualitative detail of a bullet that may be obtained, as well as determine the correlation between measurements from the VC and those from the CT images. Fifteen standard issue bullets (115 gr FMJ RN 9 mm) from the same batch, purchased from Denel Pretoria Metal Pressings (PMP), were measured using both the VC and CT scan to assess accuracy and precision. Accuracy was calculated for the CT scan as the percent bias of the mean of its measurements with respect to corresponding mean measurement from the VC. Precision for both the CT scan and VC was calculated as the standard deviation (r) of the measurement series divided by the square root of the sample size (n = 15) and multiplied by the associated Student's t critical value (df = 14, t = 2.977). For all measurement observations of the bullet dimensions, the bias (b) obtained from the accuracy determined for CT as well as the respective standard deviation values (r) was used to calculate expanded measurement uncertainty (U R ), where
, and thereby construct a 99% confidence interval (CI) for the lodged bullet that can be compared to values for the suspected 115 gr 9 mm FMJ RN bullet.
The process capability index (Ĉ P ) for both CT scan (Ĉ P CT) and VC (Ĉ P VC) measurements was also determined utilizing their respective r values and the data surrounding specification limits obtained from the manufacturer. It was calculated as the upper specification limit (USL) minus the lower specification limit (LSL) of the manufactured bullet dimensions and divided by six times the standard deviation (6r) of the respective measurement process. 
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used for the original CT scan of the claimant to ensure similar visualization conditions of the bullet and subsequent measurements, even though higher scan rates would result in a clearer image with more detail (6) . A round nose 9 mm looks markedly different to a flat nose .357, and even the difference between a lead round nose 9 mm bullet with cannalures and a smooth metal jacketed 9 mm may be visualized. A heavily deformed bullet does not provide any useful detail as can be observed from the image of a 9 mm ricochet. Comparison with the original CT image of the claimant in Fig. 3 indicates a similar appearance to a 9 mm metal jacketed round nose bullet due to the ogive shape and smooth circumference.
The nondeformed bullets in Fig. 2 were measured by CT scan images and VC, and the comparative results for length determination of the bullets are indicated in Fig. 4 . It was found that there was a consistent overmeasurement on the CT scan compared to the VC on all the tested calibers. This may in part be due to the limitation of the CT software to measure only to 1 decimal, that in effect is a rounding upwards e.g., 15.05 mm becomes 15.1 mm, as well as some bias for the operator visualizing the endpoints of the bullet area. The measurements for the CT scan and VC were well correlated with r 2 = 0.96. The results for the measurement of fifteen 9 mm bullets and the accuracy and precision values are summarized in Table 1 . The standard specifications for the base diameter of a 9 mm Luger bullet indicates it should range from 8.95 to 9.03 mm, indicated as a maximum of 9.03-0.076 mm (11) . The specifications from the manufacturer for the measured bullets indicate that their 9 mm bullet base diameter are according to the aforementioned standard specification, with the length between 14.59 and 15.41 mm (15.0 AE 0.41 mm) for a 115 gr in this caliber. Bullet deformation that does not warp the basic shape characteristics but results in a slight degree of shortening may occur when bullets strike soft objects (12) . The relative degree of this effect was not calculated, and the shortening offset was considered the same for the victim bullet trapped in-situ as well as the measured bullets, and the latter were all fired into ballistic gel and recovered for the physical and CT measurements.
The contributors to the uncertainty in the measurements for the CT scan and VC are nested and accounted for in the total standard deviation used for estimating the precision and expanded measurement uncertainty. These contributors include, but are not limited to, variation in the individual bullets from manufacturing (specification error), inter-and intraoperator variability (observer error), as well as any calibration measurement uncertainty of the physical device (standard error). The fact that a comparison to a finding in a single observation from a CT scan had to be made using the acquired data in the study as basis, and not a complete validation of method performance, means that the nested nature was suitable if reflected as the sum total in the expanded measurement uncertainty, even if the ideal would be to have estimates of individual contributors to variation that are then pooled. Further to this, the 99% CI was selected to ensure the largest interval that may include a bullet of a specific mass and type within a caliber.
Given the manufacture specification values for length and diameter, the measurement process capability for the two techniques can be calculated to indicate whether they are suitable to detect that specific bullet type. These data are summarized in Table 2 . AĈ P = 1.0 is indicative that the spread of the process is at least the same as the spread of the specifications and is associated with the 99% CI (3r). The values for the CT scan and VC regarding the bullet length specification is well above 1.0 and therefore show suitable capability; however, it is interesting to note that both techniques haveĈ P < 1.0 for the base diameter. This may actually reflect that the reported specifications for diameter from the manufacturer are not entirely correct and too narrow compared to the actual bullet diameter, and that there exists greater variation than expected between bullets within the same batch, rather than an incapability in the measurement process. This is supported by some of the measurement data collected by both techniques where the maximum base diameter for a bullet in the series determined by VC was 9.06 mm and the mode 9.03 mm, while with CT the maximum and mode were both 9.10 mm. It is clear that the descriptive statistics suggest an actual deviation from the specification limits of the measured bullets regarding base diameter reported by the manufacturer, which is offset at the upper specification limit along with its spread of values. The data for the VC and CT were further interrogated by performing a Student's t-test for single location regarding the ideal mean values of a 115 gr 9 mm bullet according to the manufacturer (15.0 mm length and 9.02 mm diameter), as well as paired t-test for the respective means of the VC and CT measurements. The test statistics indicated a significant difference (p < 0.01) between the mean length measured by CT from the ideal mean value of bullet length. A significant difference (p < 0.01) between the means for length of the CT to VC was also indicated, while the VC showed no significant difference to the ideal mean length. This can be explained by the positive bias that the CT measurements exhibit, mostly due to the limit in determining values of only 1 decimal combined with the measurement of base to tip on a difficult ogive shape of the bullet. The latter may involve a certain amount of intraoperator bias during repeated measurement of visualized bullet dimensions. There was neither significant difference (p < 0.01) in the mean values for CT and VC in base diameter measurements toward each other, nor the ideal value from the manufacturer. As indicated by the accuracy value from Table 1 , the bias is slightly less on measurement of the base, indicating the base may be easier to visualize on the scan with 
Descriptor
CT Scan Values
Vernier Caliper Values less intraoperator bias during repeated measurements. An example of the CT image measurement of a 115 gr 9 mm bullet is shown in Fig. 5 . The bullet length to diameter ratio (L/D) as indicated in Table 1 may be a more robust metric to utilize for preliminary classification of a specific caliber bullet on both CT and VC measurements. The USL and LSL for the L/D in Table 2 are calculated at the extremes of the manufacturer specification, that is, the longest length divided by the shortest diameter and vice versa. This yields a range of 1.62-1.72 with the ideal mean value of 1.66. The values for the CT scan and VC are near identical with means of 1.67 (range 1.63-1.71 at 99% CI) and 1.66 (range 1.64-1.68 at 99% CI), respectively, and show no statistical difference to each other or the ideal mean value. Six bullets of similar type (115 gr 9 mm FMJ RN) from other manufacturers were further measured by VC to assess how useful the ratio metric may be in discrimination of type within caliber. Only two of the six bullets fell within the established ratio range (values of 1.64 and 1.66, respectively), indicating that the specific bullet utilized by the police may be unique enough to exclude where the calculated measurement ratios fall outside the range, both in caliber and type. It may still be another brand of 115 gr 9 mm involved if ratio values fall below the established range (values of 1.55-1.62). A review of bullets available in the local market further indicated the possibility of a 124 gr 9 mm complete metal jacket (CMJ) RN also falling within the ratio range (value of 1.64) for the 115 gr 9 mm. However, this bullet type can then be excluded based on its specific length value falling outside the established CI.
The original CT scan of the claimant was reexamined and measurements of the bullet performed are indicated in Fig. 6 . The measurements were consistent with those submitted by the doctor on behalf of the shooting victim, considering the different software processing. Using the expanded measurement uncertainty obtained from accuracy (bias) and RSD values from Table 1 
Conclusion
The CT scan methodology used in this study was shown to be a valid approach for the measurement of bullets based on the calculated measurement capability and good correlation with a "gold standard" measurement technique. The observable uniqueness of bullets under the CT scan parameters utilized in this study regarding length and base diameter, as well as any derived ratio value, is currently insufficient to unambiguously identify a specific caliber at the mass limits of bullets for closely related calibers. A higher mass bullet in 9 mm may have similar values to a lower mass bullet in .357 caliber, with similar qualitative profiles if both are of the same design type. Bullets within a caliber class that are of different mass may be identified, given that well-defined reference ranges are established from sufficient samples obtained from different manufacturers. The approach is proven fit for purpose to exclude a bullet that has been well enough characterized by precision and accuracy values under the selected CT scan conditions. The results confirmed that a specific type of bullet, a 115 gr 9 mm FMJ RN, could successfully be excluded from being involved in a shooting based on CT scan qualitative aspects regarding bullet shape that were combined with length, base, and ratio measurements of a bullet in a living person. An estimate of measurement uncertainty was applied and can be utilized for preliminary findings, with reserve, where similar instrumentation and visualization conditions may apply in future cases that do not allow for extensive studies. Further studies should, however, be undertaken to optimize the CT scan parameters for visualization of bullets in-situ using standard CT equipment in clinical practise, as well as further characterization of various bullet calibers and designs recorded under such optimized scan parameters within relevant matrices such as ballistic gel or flesh.
